This journal is Many organic molecules have strong absorption bands which can be accessed by ultraviolet short pulse lasers to produce efficient ionization. This resonant multiphoton ionization scheme has already been exploited as an ionization source in time-of-flight mass spectrometers used for environmental trace analysis. In the present work we quantify the ultimate potential of this technique by measuring absolute ion yields produced from the interaction of 267 nm femtosecond laser pulses with the organic molecules indole and toluene, and gases Xe, N 2 and O 2 . Using multiphoton ionization cross sections extracted from these results, we show that the laser pulse parameters required for real-time detection of aromatic molecules at concentrations of one part per trillion in air and a limit of detection of a few attomoles are achievable with presently available commercial laser systems. The potential applications for the analysis of human breath, blood and tissue samples are discussed.
Introduction
The potential for using resonantly enhanced multiphoton ionization (REMPI) to detect trace amounts of organic molecules has been recognized for at least 35 years 1,2,3 . By using ultraviolet laser pulses which are resonant with allowed transitions in the molecules, extremely efficient, soft ionization is possible allowing identification in a mass spectrometer with a sensitivity which theoretically approaches the single molecule limit.
To date the potential of this technique has mainly been investigated using low repetition rate nanosecond lasers as the ionization source. A straightforward way to efficiently ionize aromatic molecules is to use the fourth harmonic of a Nd:YAG laser (266 nm) for resonant ionization via a 1+1 photon absorption scheme. A wider range of molecules can be accessed using shorter wavelengths (e.g. fifth harmonic) or an optical parametric oscillator (OPO). The wavelength tunability of an OPO can also enhance the signal and species selectivity if specific peaks in the absorption spectrum can be picked out. This can be further optimized if the gas is cooled in a jet expansion to limit transitions from excited vibrational and rotational levels of the ground electronic state 4 . This Jet-REMPI scheme is very useful in complex samples as it also allows isobars and isomers to be clearly identified, for example xylenes 5, 6, 7 and xylenols 8 . The pulsed nature of these sources makes them ideally suited for integration into time-of-flight (ToF) mass spectrometers.
Since the typical laser intensities are well below that required for non-resonant ionization of background gases, very high sensitivities can be obtained from direct analysis of gas samples without pre-concentration. As a result REMPI has been employed in a number of environmental monitoring studies, particularly in the study of the chemical composition of the exhaust gases from combustion processes such as waste incineration 6, 7, 9, 10 , and engines or generators 4, 5, 11 (see Streibel and Zimmermnn for a recent review 12 ). These studies have demonstrated that an extensive range of volatile organic compounds (VOCs) such as simple aromatics 4, 6, 13, 5, 11, 10 aldehydes 4,14 , amines 15 , polychlorinated biphenyls (PCBs) 14, 16, 17 , poly-aromatic hydrocarbons (PAHs) 5, 9, 11, 10 and dioxins 18 can be detected at parts per trillion (ppt) concentration levels.
This direct sampling, high sensitivity approach could also make Jet-REMPI-ToF valuable for characterizing human breath, which is being widely investigated and promoted as a non-invasive diagnostic for a range of diseases, particularly cancer. Short et al. 19 have demonstrated that wavelength selective resonant ionization enables the nitric oxide concentration of human breath to be monitored in real time with ppb sensitivity. Oser et al. 20 have also detected a range of aromatic molecules which are potential disease biomarkers with sensitivities nearly two orders of magnitude greater than that achievable with a conventional gas chromatograph-mass spectrometer (GC-MS). Given these promising preliminary results it is surprising that many more studies have not been forthcoming. This might be attributed to a reluctance to utilize lasers which are costly, bulky and require operational expertise in a medical setting.
For solid and liquid samples, ns-REMPI has also been used as an ionization source in GC-MS-ToF instruments. For instance it was shown to be superior to electron impact ionization for identifying PAHs in river water samples since there was less molecular fragmentation and better selectivity 21, 22 . Alternatively the third harmonic of Ti:Sapphire femtosecond lasers (267 nm) has also been used since it gives higher ionization efficiency for molecules with intermediate excited states possessing short lifetimes. For example, excited singlet states of dioxins undergo rapid inter-system crossings to lower lying triplet levels, but using a fs laser allows sample sizes in the femtogram range to be measured 23, 24, 25 .
As the size of the molecule increases, more pathways for redistribution of the excitation energy become available. As a result the ionization efficiency is expected to drop for ns lasers and there is an increased degree of fragmentation. This is due to a transition from a ladder climbing process to a ladder switching one where evolution of intermediate excited states opens up many more dissociation channels, thus emphasizing the advantage in using femtosecond pulses for more complex molecules. This was demonstrated in a study comparing the spectra and ionization yields of peptides by fs and ns lasers operating at 267 nm 26 . For compounds lacking conjugated double bonds, absorption bands are deeper in the UV. As a result using the fourth (200 nm) rather than the third harmonic of a Ti:Sapphire laser was found to enhance the limit of detection for a large number of pesticides by up to two orders of magnitude 27 .
Non-resonant ionization using femtosecond lasers has also been considered for analysis of organic compounds due to the high ionization efficiency and low molecular fragmentation 28, 29, 30, 31 . In the tunneling ionization regime there is a strong dependence on the ionization potential which favors ionization of the organic molecules compared with the main gases found in air. However, it is well established that ionization rates for most organic molecules are suppressed compared to atoms with similar ionization potentials 32 . This depends on the nature of the electronic orbital being ionized which can lead to destructive interference in the outgoing wavepackets which suppress the ionization 33, 34, 35 . Therefore, fs lasers which are non-resonant are unlikely to achieve the highly selective ionization required to detect organic molecules at very low concentrations, but could be used in cases where very high efficiency is required, e.g. post-ionization in secondary ion mass spectrometry 36 .
Despite the fact that resonant and non-resonant multiphoton ionization offers superior efficiency, lower molecular fragmentation, and higher selectivity than other ionization sources, applications described above have been relatively limited to date. This is mainly due to the cost and expertise associated with using the high peak power lasers required for ionization. However, short pulse laser technology has advanced beyond recognition since REMPI analysis was first proposed.
In recent years there have been further dramatic developments in picosecond and femtosecond solid state and fibre lasers based on erbium and ytterbium doped materials. The very high quantum efficiencies of these compounds and the fact that they can be pumped with light emitting diodes rather than separate lasers means that these compact, turnkey and robust devices are now widely used in material processing, telecommunications, medicine and in many research applications. As a result the footprint and price of these lasers has concomitantly been falling rapidly, opening up the possibility of greater exploitation in trace chemical analysis.
In this paper we assess the merits of using commercially available high average power, short pulse lasers for detecting aromatic compounds at ultralow concentrations. We gauge the relative merits of laser parameters such as repetition rate, pulse energy, beam size, and pulse length on the ionization efficiency of analyte molecules and background gases. To compare the relative ionization efficiencies of exemplar aromatic molecules to other gases, we have measured absolute ion yields using a simple ToF device described in Section II. In Section III we formulate the ion yields expected for the multi-photon ionization and in Section IV present the experimental ion yields produced from 267nm, femtosecond pulse interactions with indole, toluene, Xe, N 2 and O 2 for a range of intensities. Although we use the organic molecules primarily as exemplars, their trace detection is of particular interest since indole has been demonstrated as a marker for stress in humans 37 and elevated levels of toluene in human breath have been correlated with lung cancer and smoking 38, 39 . From these results the laser parameters required to detect 1 ppt concentrations in air are estimated in Section V. Section VI summarizes these results and also considers the ideal laser characteristics for ultra-high sensitivity detection, the technological developments which might enhance this further, and the potential applications in medicine and trace analysis.
Experimental Setup
The ultraviolet laser pulses used to ionize various gases were produced from the third harmonic conversion of a Coherent Inc. Libra titanium:sapphire laser operating at 1 kHz. The resulting pulses had a central wavelength of 267 nm with a bandwidth of 1 nm, pulse energies of 50 J, and 130 fs duration (measured from cross correlation with the fundamental). To obtain ion yields as a function of the peak intensity, pulses were attenuated by rotating a half waveplate placed in front of a Glan-Laser polarizer. The pulses were focused by a spherical lens (f=0.175m) into the extraction region of a small, home built ToF mass spectrometer.
The interaction region of the ToF consisted of a repeller plate held at a potential of + 5 kV with a 5 mm gap to an extraction plate at +4.7 kV. A glass cylinder with a resistive inner coating and 35 mm length was used to generate a uniform electric field between the extraction plate and a grounded flight tube of 280 mm length. To measure the absolute ion yield per laser shot, a flat stainless steel disc was connected to a low noise charge sensitive amplifier (Amptek CoolFET) which had previously been calibrated absolutely 40 . As a result of the image charge produced by the ions as they approach this plate, the time resolution of this detector was modest but sufficient to separate the ions being studied. The acceptance aperture to the flight tube of diameter = 10 mm was much greater than the Rayleigh length 0 of the focused laser beam. To obtain single ionization yields for molecular species, dissociative ionization was included by summing the contributions from fragments as well as the parent ions.
A constant target density was achieved by flooding the chamber with the target gas. The pressure was monitored with an ion gauge and the relative densities of each gas were obtained by correcting for the ion gauge sensitivity. For O 2 , N 2 and Xe standard correction factors were used, while factors for toluene and indole were derived from the ratio of their electron impact ionization cross sections (at 100 eV) to that of N 2 41,42 .
Ion Yield Simulations
For resonantly enhanced 1+1 ionization with photons of energy ℏ , if the rate of excitation from the ground to excited state is Γ 1 ( ) and the rate of ionization from the excited state to the continuum is Γ 2 ( ) where is the laser intensity, then the probability of ionization 1+1 after a time is (see Supporting Information)
Assuming the laser has a rectangular temporal profile of length , and the intensity is sufficiently low so that ≪ 1, the ionization probability in terms of the respective cross sections is
This equation assumes that the lifetime of the excited state is much longer than the laser pulse length and that its evolution during the pulse does not influence the value of 2 . Depending on the strength of the excitation, 1 could have values in the range 10 -16 -10 -20 cm 2 . Absolute values for a number of volatile organic compounds in the gas phase are available in the literature 43, 44, 45, 46, 47 or can be estimated from molar absorptivities via the following conversion 1 (cm 2 ) = 3.82 × 10 −21 (l mol −1 cm −1 )
(3) Ionization cross sections are only known in a few cases 3 , but are generally of the order of 10 -17 cm 2 and are not expected to change dramatically with wavelength or the rovibrational state of the excited level.
For the case of non-resonant ionization via photon absorption, the ionization probability is
where is the photon ionization cross section (units cm 2 s −1 ).
Values for are rarely known, but the cross section for 3 photon ionization of xenon at a wavelength of 266 nm has been calculated by Kulander et al. 48 to be 2.5 × 10 −82 cm 6 s 2 , while McGuire et al. 49 obtained a value of 5 × 10 −82 cm 6 s 2 . In order to estimate ionization cross sections from our experimental ion yields and to predict ion yields from hypothetical gas analysis scenarios, we consider theoretical ion yields from the interaction of the laser beam with a gas target of constant number density . For a tightly focused beam with a gaussian spatial profile and Rayleigh length 0 ≪ , the total ion yield from a pulse of peak intensity 0 is obtained by integrating the ionization probability over the focal volume (see SI)
For a given ionization probability function ( ) (eqn. 1 or 4), this can be numerically integrated for different peak intensities. As the ionization probability approaches 1, the ion yield keeps increasing due to the increase in iso-intensity volumes which scale as 3/2 (see SI). For the other extreme where the laser beam area is constant over an interaction length (e.g. an unfocussed beam) and assuming it has a full width half maximum diameter of , pulse length , and pulse energy , the integrated ion yield =3 from this interaction is determined to be (see SI) 
Results
The Xe + ion yield generated per laser pulse at the focus of the beam, normalized to an absolute gas pressure of 10 -7 mbar, as a function of peak intensity 0 is shown in Figure 1(a) . Calibration of the intensity scale was obtained by using the cross section of 2.5 × 10 −82 cm 6 s 2 calculated by Kulander et al. 48 and fitting eqn. 5 to the experimental ion yield. To extend the measurements to lower intensities (~ 10 12 Wcm -2 ), data was also acquired with the laser focus shifted 18 mm off the ToF axis. These points were corrected for the increased interaction volume and included on Figure 1(a) . Trend lines are also plotted which confirm the expected 3/2 and 3 dependencies for Xe well above and below the saturation intensity respectively.
The yields for N 2 and O 2 are also shown in Figure 1 (a) having been normalized to the same target density as Xe. Similar trends are found for both but with lower yield and higher saturation intensities compared to Xe. The fact that the yield of ions from N 2 follows an 3 trend at low intensities is surprising given that four photons are required for ionization. This indicates the presence of strong resonances around 14 eV above the N 2 ground state 50 . By fitting eqn. 5 to the data, three photon cross sections of 1.8 × 10 −83 cm 6 s 2 and 3.5 × 10 −84 cm 6 s 2 for O 2 and N 2 were derived with an uncertainty of 40%.
As indole and toluene are considerably easier to ionize, the same off focus interaction geometry was used to obtain ion yields around the saturation intensity. These results are shown in Figure 1 (b) along with yields for much lower intensities obtained using an unfocussed beam (which was again corrected to account for the different interaction geometry). These results follow the expected intensity dependencies of 3/2 and 2 above and below saturation intensities of 2.0 × 10 11 Wcm −2 ARTICLE Journal Name 4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 and 4.5 × 10 11 Wcm −2 for indole and toluene respectively. The excitation cross section for toluene has been measured previously in the gas phase 51 , while the value for indole can be derived from its molar absorptivity in solution 52 . The 0-0 transition in toluene is at 272 nm while at 267 nm absorption is strong due to a 0-1 transition corresponding to an out of plane C-H bending mode. For indole, 0-0 transitions for the 1 L b and 1 L a states are at 285 and 274 nm respectively so a range of vibrational modes are excited at 267 nm 53 . As our laser has a bandwidth of 1 nm, we use an average over the laser wavelength range to derive the excitation cross sections presented in table 1. Using these values, estimates for the ionization cross sections which fit the experimental data are also presented in table 1. Table 1 . Cross sections (cm 2 ) used to fit the data in Figure 1(b 
Discussion
Let us now consider the laser pulse conditions required for real time detection of an aromatic molecule at a concentration of 1 pptv (part per trillion by volume) in air using REMPI. The ion production rate is given by eqn. 7 multiplied by the laser repetition rate . We make the assumption that a laser beam of full width half maximum D = 2 mm crosses a gas jet of width 2 mm and a density of 2  10 14 cm -3 (such gas target conditions have been achieved previously 54 ). Using toluene as an exemplar, if an ion production rate of 10 s -1 is required for close to real time detection, then the laser must satisfy the condition 2 > 0.001 (8) Therefore, for a laser operating at 1 kHz, a pulse energy greater than 1 mJ is required (or 0.3 mJ at 10 kHz). For the gas jet conditions described this corresponds to a limit of detection of a few attomoles.
As eqn. 7 includes the assumption that any dynamics in the intermediate excited state does not alter the ionization probability, there is no dependence on the pulse length. However, this is not the case when we consider the yield of ions from air given by eqn. 6. If we impose the constraint that the rate of ions generated from O 2 and N 2 must be no more than 10 4 s -1 in order to avoid detector saturation, the cross sections obtained in Section III give the following condition 2 > 10 −17 3 (9) which for a 1 kHz repetition rate, means the pulse length must be greater than 10 ps.
These laser conditions are readily satisfied by current solidstate laser systems based on Ti:Sapphire (800 nm), Nd:YAG (1064 nm) or ytterbium doped crystals (1028 nm). Assuming 10% conversion of the fundamental into the 3 rd (266/7 nm) or 4 th harmonic (257 nm) respectively, a laser producing 10 mJ, >10 ps pulses at 1 kHz (10W) would be capable of detecting toluene at the pptv level or sub pptv for indole in real time. While these types of laser systems are still mostly found in research labs, user friendly short pulse fibre and disc laser systems are approaching similar specifications 55 . With further optimization of the laser-gas interaction geometry 56 which could include multiple reflections of the laser through the target, these detection sensitivities could be reached with current commercial lasers which are compact, rugged, and modestly priced.
Conclusions
By measuring the ion yields of several gases irradiated with femtosecond laser pulses at a wavelength of 267 nm, we have measured single and multiphoton ionization cross sections for some exemplar gases. With these values we show that for aromatic organic molecules which are resonant at this wavelength, attomole detection limits can be achieved with ionization rates exceeding that of N 2 and O 2 sufficiently to facilitate real-time detection in air at 1 pptv concentrations. This could be achieved with currently available kHz picosecond laser systems producing energies of several mJ per pulse. As many of the organic molecules have chromophores which absorb in this wavelength range, particularly those of interest for health monitoring, this sensitivity of detection could open up trace detection of new biomarkers in breath, blood and biopsy analysis. As most drugs are also resonant at these wavelengths, there is further potential for applications in pharmacokinetics 57 .
Other organic molecules which absorb more weakly in this wavelength range will naturally require higher concentrations for identification. However, for ketones with excitation cross sections around 5  10 -20 cm 2 at 267 nm 58 , this would still be an impressive 25 pptv. Alternatively shorter wavelengths available using the next laser harmonic (200, 206 or 213 nm) would enable resonant 1+1 ionization of most organic molecules. For those molecules with excited states which decay on ultrafast timescales, higher limits of detection can also be expected as the ionization is not as efficient. However, this can be mitigated through the use of femtosecond pulses 23 , albeit higher concentration levels would be required since ionization of the background gas will be more efficient.
Ultimately, the ideal laser system would be one which can produce wavelength tuneable picosecond pulses. A 10 ps pulse at 267 nm can in principal support a bandwidth of 2 cm -1 (0.01 nm), which can easily resolve vibrational structure in the absorption spectrum. Selection of absorption maxima would enhance the sensitivity, but by scanning the wavelength a two dimensional spectrum (mass vs wavelength) could also be generated. This would be particularly valuable for identifying compounds in very complex mixtures, including isomers [5] [6] [7] [8] . Further discrimination in the ionization stage can also be obtained using a two color scheme, as has been demonstrated in nitric oxide 19 .
By using circularly polarized pulses, this selectivity could be extended to identifying enantiomers through circular dichroism in the ion yields as has been demonstrated in some exemplar molecules 59, 60, 61, 62, 63 . Although this will be hard to achieve in practice as the circular dichroism is typically very small, the sensitivity would far outstrip conventional chiral detection methods. Given the prevalence of chirality in biological molecules and therapeutic drugs, a chiral-REMPI analysis instrument would be a powerful analytical tool.
In conclusion, with the rapid advances in laser technology, the opportunity for more widespread use of short pulse lasers combined with mass spectrometry for very high sensitivity trace analysis is becoming possible, particularly for health related applications. While the use of such lasers in bed-side monitoring devices is unlikely, there is potential for off-line analysis of breath, fluid or tissue samples which would offer much higher sensitivity than any other currently available analytical techniques.
